Amniotic fluid (AF) was described as a potential source of mesenchymal stem cells (MSCs) for biomedicine purposes. Therefore, evaluation of alternative cryoprotectants and freezing protocols capable to maintain the viability and stemness of these cells after cooling is still needed. AF stem cells (AFSCs) were tested for different freezing methods and cryoprotectants. Cell viability, gene expression, surface markers, and plasticity were evaluated after thawing. AFSCs expressed undifferentiated genes Oct4 and Nanog; presented typical markers (CD29, CD44, CD90, and CD105) and were able to differentiate into mesenchymal lineages. All tested cryoprotectants preserved the features of AFSCs however, variations in cell viability were observed. In this concern, dimethyl sulfoxide (Me 2 SO) showed the best results. The freezing protocols tested did not promote significant changes in the AFSCs viability. Time programmed and nonprogrammed freezing methods could be used for successful AFSCs cryopreservation for 6 months. Although tested cryoprotectants maintained undifferentiated gene expression, typical markers, and plasticity of AFSCs, only Me 2 SO and glycerol presented workable viability ratios.
Introduction
Knowledge about cryopreservation protocols that keep unchanged original stem cells properties is extremely important for cell culture and stem cells storage. For prolonged storage, cells are usually slowly frozen and stored at −196 • C in liquid nitrogen. Slowly cooling avoids intracellular ice buildup, which can cause rupture of the cell membrane. Nevertheless, it can result in dehydration of the cells by formation of extracellular ice. To prevent this, an ideal cooling rate should be chosen and a cryoprotectant added. The general properties required for the cryoprotectant compounds are that they have low molecular weight, are nontoxic, and have low costs [1, 2] .
Cryoprotectants are divided into two main classes: intracellular agents, which penetrate inside the cells preventing ice crystals formation and membrane rupture (i.e., dimethyl sulfoxide (Me 2 SO), glycerol, and ethylene glycol) and extracellular compounds that do not penetrate in cell membrane and act by reducing the hyperosmotic effect present in freezing procedure. Among them are sucrose, trehalose, dextrose, and polyvinylpyrrolidone [3] .
The main commonly used cryoprotectant, dimethylsulfoxide (Me 2 SO), provides a high rate of postfreezing cell survival, but several groups show that it can promote stem-cell differentiation in neuronal lineage and also presents cytotoxicity at room temperature [4] [5] [6] [7] [8] . There are few alternative cryoprotectants to Me 2 SO use at the moment. Other substances such as glycerol, sucrose, or trehalose do not present cytotoxicity but still need to be more evaluated as cryoprotectants for mesenchymal stem cells (MSCs).
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MSCs are multipotent cells capable to differentiate into several lineages in vitro. They are described as adherent cells with fibroblast-like morphology and able to differentiate in mesenchymal lineages such as chondrogenic, osteogenic, myogenic, and adipogenic [9] . In other studies it was demonstrated that MSCs, under proper conditions, are also capable of differentiating into nonmesenchymal lineages as hepatocyte and neuronal-like cells [10, 11] . Human amniotic fluid (AF), a dynamic and complex mixture that reflects the physiological status of the developing fetus, was related recently as an alternative source of MSCs [12] .
AF obtained in second trimester of pregnancy is composed of a wide variety of cells derived mainly from fetal exfoliation during development. Among these cells, some have adherent properties and express undifferentiated markers such as Oct-4 gene. These cells are also capable of selfrenewal and differentiation into mesodermal tissues in culture. They have been classified as amniotic fluid mesenchymal stem cells (AFSCs) [13] [14] [15] .
Here we evaluated the effects of two cryopreservation methods (time-programmed and nonprogrammed temperature freezing) and four distinct cryoprotectants in the AFSCs viability and main characteristics maintenance after liquid nitrogen storage.
Materials and Methods
All culture media and chemical reagents were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Fetal bovine serum and antibiotics were purchased from Invitrogen (Carlsbad, CA, USA). Primers were from IDT (Integrated DNA Technologies, San Diego, CA, USA). Ntera-2.c1D1 (human pluripotent testicular carcinoma/ATCC CRL-1973) was purchased from American Cell Type Collection (Manassas, VA, USA).
Human Amniotic Fluid Stem Cells.
Human amniotic fluid samples were collected during scheduled amniocentesis at 12 to 18 weeks of gestation for diagnosis reasons. Collection procedure was performed under aseptic conditions using a 22-gauge needle and under ultrasonographic control. All samples were obtained after signed informed consent. The protocol was approved by the Ethics Committee from University of Sao Paulo School of Medicine, Brazil (no.: 0410-09).
After collection, each sample was centrifuged at 450 × g for 10 min at room temperature. The resulting pellets were washed with PBS (phosphate buffer saline), suspended in minimal essential medium-α-modification (α-MEM), supplemented with 20% fetal bovine serum, 100 UI/mL penicillin, 100 μg/mL streptomycin, and maintained in incubator with 5% CO 2 atmosphere at 37
• C for approximately 12 days, when the first colonies appeared. The medium was changed every 3-4 days. 6 cells were trypsinized, washed with PBS, and stained for 15 min in dark room with primary antibodies labeled with fluorochromes FITC (fluorescein isothiocyanate): CD34, CD44, CD45, and CD90; PE (phycoerythrin): CD14, CD29, CD105, and appropriate isotype controls (IgG-1, Invitrogen, Caltagaboratories, USA). The number of acquired events was 20,000 cells in each acquisition.
Growth Curve and Doubling

Cell Differentiation Assays.
To induce osteogenic differentiation, AFSCs at 70-80% confluence were cultured in osteogenic medium (α-MEM supplemented with 20% FBS, 10 mM glycerol phosphate, 50 mM ascorbic acid, and 100 nM dexamethasone) for 3 weeks. The medium was changed twice weekly. The osteogenic differentiation was evaluated by cell staining (Alizarin Red and von Kossa) and RT-PCR (osteocalcin, osteopontin and Wnt-1 gene expression).
To induce adipose tissue differentiation, AFSCs were treated with adipogenic medium: α-MEM with 10 −2 uM dexamethasone, 0.5 mg/mL insulin, 200 mM indomethacin and 50 mM isobutilmethilxantine for 3 weeks. Medium changes were carried out twice weekly. Presence of intracellular lipid droplets, indicative of adipocyte differentiation, was assessed by Oil Red O staining. PPAr-γ and lipoprotein lipase gene expression was determined by RT-PCR. To induce chondrogenic differentiation, AFSCs were grown in α-MEM until 80% of confluence was reached. Cells were trypsinized, transferred to a conical tube, and centrifuged at 450x g for 10 min at room temperature. Chondrogenesis was induced by treating pelleted cells in conical tubes with α-MEM medium, 10 ng/mL TGF-βI (Calbiochem, USA) and 100 nM dexamethasone for 3 weeks. Chondrogenic differentiation was assessed by hematoxylin and eosin staining (H&E), immunofluorescence against collagen type II and RT-PCR (collagen II, perlecan, and syndecan gene expression).
2.6.
Cryopreservation. AFSCs (third passage) were frozen in the final concentration of 10 6 cells/mL in freezing medium (α-MEM 20% FBS plus cryoprotectant), by two different methods. In the nonprogrammed time freezing protocol, samples were placed in a freezer (−20
• C) for 20 min followed by −80
• C freezing for 12-16 h and, finally, transferred into liquid nitrogen (N 2 ). Alternatively, programmed time freezing protocol was used where samples were cooled in a controlled-rate program (Thermo Forma Scientific, Minneapolis, USA) of 1
• C followed by liquid N 2 storage. The cryoprotectants used alone were Me 2 SO (5 and 10%), glycerol (5 and 10%), sucrose (30 and 60 mM), and trehalose (60 and 100 mM). The samples were stored for 3 and 6 months. Thawing was done quickly in water bath at 37
• C, and then cell viability was analyzed. Before cell plating all samples were washed with α-MEM medium to remove residual cryoprotectant. After 80% cell confluence was reached, Oct-4 and Nanog expression was evaluated by RT-PCR; CD34, CD45, CD44 (FITC), CD14, CD29 and CD105 (PE) membrane markers were measured by flow cytometry; osteogenic and adipogenic differentiations were performed and confirmed by Alizarin Red and Oil Red O staining, respectively.
Statistical Analysis.
Data are expressed as mean ± SEM. One-way or two-way analysis of variance (ANOVA) was applied to the means to determine statistical differences between experimental groups followed by Bonferroni or Dunnett's tests. Differences between mean values were considered significant when P < 0.05. 
Results
AFSCs Isolation and Doubling
Cultured AFSCs Express Oct-4 and Nanog. Cultured
AFSCs expressed the transcription factors Oct-4 at different passages, as determined by RT-PCR. Oct-4 is a key marker expressed in embryonic stem cells and cancer cells and is responsible for the maintenance of the undifferentiated state. The homeodomain gene Nanog, present in pluripotent human cells, was also expressed in cultured AFSCs confirming the undifferentiated state (Figure 2 ).
Phenotypic Characterization of AFSCs by Flow Cytometry.
The results obtained by flow cytometry demonstrated that stem cells isolated from amniotic fluid have a strong positivity for mesenchymal markers, such as CD29 (β-integrin), CD44 (hyaluronic acid receptor), CD90 (Thy-1), and CD105 (endoglin), while they were negative for hematopoietic markers such as CD14, CD34 and CD45 (leukocyte common antigen) (Figure 3 ).
Differentiation Properties of AFSCs.
AFSCs were cultivated in specific differentiation medium, as described, to evaluate their plasticity and multipotency. Osteogenic differentiation was confirmed after 21 days by visualization of the calcium deposits seen with Alizarin Red and von Kossa staining ( Figure 4 ). Cells also expressed typical genes found in bone tissue such as osteopontin, osteocalcin, and Wnt-1. Adipogenic differentiation was confirmed by Oil Red O staining. Cytoplasmic lipid droplets appeared stained in red. They also expressed adipocytes genes as PPAr-γ and lipoprotein lipase.
AFSCs were also able to differentiate into chondrogenic tissue after stimulation with TGF-β I and dexamethasone for 21 days. Histological sections from treated pellet showed a typical structure of cartilage tissue. The presence of collagen type II was detected by immunofluorescence staining. Differentiated cells expressed genes typically found in condroblasts, such as syndecan, perlecan and collagen type II (Figure 4) .
3.5.
Cryopreservation. AFSCs viability after thawing did not present statistical difference when compared the nonprogrammed and programmed time freezing protocols after 3 and 6 months storage ( Figure 5 ).
All evaluated cryoprotectants preserved the basic features of AFSCs, as Oct-4 and Nanog genes expression (Figure 6 ), surface markers (CD29, CD44, and CD105 positive; CD14, CD34, and CD45 negative, Tables 2 and 3 ) and differentiation multipotential after thawing (Figure 7) . Although, AFSCs were positive for CD29 (98.27 ± 1.23%), CD44 (98.28 ± 1.65%), CD90 (97.69 ± 1.84%), CD105 (98.77 ± 0.64%) and were negative for CD14 (1.78 ± 1.06%), CD34 (1.70 ± 1.14%), and CD45 (1.80 ± 0.74%). IgG1-FITC and IgG1-PE antibodies were utilized as isotype controls. The number of acquired events was 20,000 in each acquisition.
Me 2 SO (5 and 10%) and glycerol (5 and 10%) showed higher rates of viability than the extracellular cryoprotectants, sucrose and trehalose (Figure 8 ).
Discussion
The interest of mesenchymal stem cells in the scientific community has arisen due to their peculiar characteristics. Among them, the highlights are proliferative capacity and differentiation potential [16] [17] [18] . Human amniotic fluid from second trimester of pregnancy was appointed recently as an alternative source for MSCs [19, 20] ; however, some features, especially about cryopreservation analysis, are not fully described. In the present study, we isolated AFSCs and examined two freezing protocols as well as distinct cryoprotectants which could maintain high viability and stemness of AFSCs after cryopreservation. Primary culture of human amniotic fluid revealed the presence of fibroblast-like cells capable of adhesion and colonies formation in plastic dish surface. These cells were classified as mesenchymal stem cells by their characteristics, as follows.
AFSCs doubling time (30 hours) founded was similar with that described elsewhere [21] , and this demonstrated the high proliferative potential of these cells.
Key gene expression profile, such as Oct-4 and Nanog, is essential to determine the undifferentiated stem cells status. These genes are commonly found in pluripotent stem cells and cancer cells [22] . Specific surface markers were investigated using a panel of membrane antibodies that virtually exclude the presence of contaminating hematopoietic cells : AFSCs were thawed, total RNA was extracted, and Oct-4 and Nanog gene expression was determined by RT-PCR in 2% agarose gel stained with ethidium bromide after freezing with different cryoprotectants. Human β-actin was used as endogenous control. MW: 100 bp molecular weight; A: 5% Me 2 SO nonprogrammed; B: 5% Me 2 SO, programmed; C: 10% Me 2 SO, nonprogrammed; D: 10% Me 2 SO, programmed; E: 5% Glycerol, nonprogrammed; F: 5% Glycerol, programmed; G: 10% Glycerol, nonprogrammed; H: 10% Glycerol, programmed; I: 30 mM Sucrose, nonprogrammed; J: 30 mM Sucrose, programmed; K: 60 mM Sucrose, nonprogrammed; L: 60 mM Sucrose, programmed; M: 60 mM Trehalose, nonprogrammed; N: 60 mM Trehalose, programmed; O: 100 mM Trehalose, nonprogrammed; P: 100 mM Trehalose; programmed; Q: positive control (Ntera-2.c1D1 cell line). Table 3 : After programmed freezing, AFSCs (n = 5) maintained their specific mesenchymal membrane proteins evaluated by flow cytometry (CD29, CD44, and CD105 positive; CD14, CD34, and CD45 negative). The number of acquired events was 15,000 in each acquisition. Results are shown as percentage ±SEM. and examined proteins commonly present in MSCs, as CD29 (β-integrin), CD44 (hyaluronic acid receptor), CD90 (Thy-1) and CD105 (endoglin). Data also showed the high differentiation potential of the AFSCs in osteogenic, adipogenic, and chondrogenic lineages, thus confirming their multipotent state. Cell cultures require cooling methods for long-time storage, and the choice of freezing protocol used must be done carefully to avoid cell death and, mainly, to maintain the cell characteristics, as in this case, AFSCs proliferation and plasticity properties [23] . With this aim our study compared two freezing protocols: a programmed-rate cooling and, a more conventional approach, nonprogrammed time freezing, both with subsequent storage in liquid nitrogen.
The cooling rate is a critical step during freezing. If cooling is sufficiently slow, the cell is able to lose water rapidly enough by exosmosis to concentrate the intracellular solutes sufficiently to eliminate supercooling and maintain the chemical potential of intracellular water in equilibrium with that of extracellular water. The result is that the cell dehydrates and does not freeze intracellularly. But if the cell is cooled too rapidly, it is not able to lose water fast enough to maintain equilibrium; it becomes increasingly supercooled and eventually attains equilibrium by freezing intracellularly. Intracellular ice formation leads to cell death [2] .
It was observed that the two methods had no effect when compared with each other in cellular viability after thawing. Therefore, a nonprogrammed method should make cryopreservation more convenient and less costly because the use of complex equipment for controlled-rate freezing is avoided.
Cryoprotectants are essential to maintain the cell viability and function for storage at very low temperatures, including for amniotic fluid-derived stem cells [24, 25] . In this study, different cryoprotectants were tested, two intracellular compounds that impair crystal ice formation inside the cells (Me 2 SO and glycerol) and two extracellular agents which improve freezing osmotic imbalance (sucrose and trehalose). Me 2 SO is the most widely used cryoprotectant [21, 26] , but several studies report their potential to induce neuronal differentiation in stem cells [5, 27] . This fact together with their cell toxicity in room temperature led us to search for other cryoprotectants to use for freezing AFSCs. Neuronal differentiation promoted by Me 2 SO was not observed in our study since cells were washed with α-MEM medium right after thawing, eliminating any trace of the cryoprotectant. Therefore, AFSCs frozen with Me 2 SO kept their Oct-4 and Nanog genes expression and differentiation capacity.
Glycerol, another intracellular cryoprotectant, was compared with Me 2 SO. Glycerol is also widely used in concentrations of 5 and 10%, in cell cultures. It is described that it does not promote cellular toxicity [28] , but its action in AFSCs cryopreservation has not been described so far. Glycerol, both at 5 and 10% has caused lower viability than Me 2 SO, but yet in acceptable rates for cell culture.
Disaccharides such as sucrose and trehalose have also been widely used as natural cryoprotectants, as excipients for freeze drying and as stabilizers during dehydration. The precise mechanism by which disaccharides act to preserve biological systems during freezing and drying is not well understood. The fact that they do not enter in cells is the main advantage, facilitating their removal after thawing [29] . Sucrose and trehalose led to a low rate of AFSCs viability and, consequently, an increase in lag phase after thawing, maybe because these extracellular agents do not prevent the formation of ice crystals within the cell.
All tested cryoprotectants maintained the Oct-4 and Nanog gene expression and did not alter membrane markers or the plasticity of AFSCs post thawing, which were able to differentiate into bone and fat tissues after thawing.
Conclusions
Human amniotic fluid collected in the second trimester of gestation contains mesenchymal stem cells which show a high rate of proliferation in vitro and multipotent profile, as shown by histological and gene expression studies. Both, nonprogrammed and programmed time freezing methods, could be used for AFSCs cryopreservation for 6 months. Although all tested cryoprotectants maintained Oct-4 and Nanog gene expression, typical surface markers, and multilineage differentiation of AFSCs, only Me 2 SO and glycerol presented workable viability ratio.
